are described along with recent developments aimed at overcoming these potential issues.
Speciation
Speciation is essential to determine, quantitatively, the chemical forms of elements, independently and without interference from each other. However, the quantification of some metals in the environment is a difficult task given the concentrations of certain species may be below detection limits of available analytical techniques. The ideal method for speciation would provide the desired species information without changing the identity of the original sample. In the absence of such a method, speciation has been performed by combining analytical and methodological techniques, including chromatographic separation, spectroscopy and basic chemical procedures [1] .This review provides an overview of different non-chromatographic methods as alternatives for determining the speciation of selenium and arsenic in environmental and food samples. These two elements attract particular interest from the scientific community for various reasons described below.
Selenium and arsenic species
In order to understand the role and transport of a chemical element in living organisms and through the environment, it is necessary to know its chemical speciation since effects associated with toxicity are strongly dependent on the particular form in which the element is present in the system. The IUPAC (International Union for Pure and Applied Chemistry) recommends that the term speciation is used solely to indicate the species distribution in a particular sample or matrix. For example, it can be said that "the toxicity of arsenic depends strongly on its speciation" [2] . Chemical compounds that differ in isotopic composition, conformation, oxidation or electronic state, or in the nature of their complexed or covalently-bound substituents, can be regarded as distinct chemical species [2] .
Prior to 2009, the European Food Safety Authority found that most arsenic in foods was reported as total arsenic, without discrimination about the presence of various arsenic species. For example, the need for data of arsenic species is especially necessary in the sea food industry, since the concentration of the more toxic inorganic species is rarely determined [3] . Arsenic has several oxidation states (+III, +V, 0, _ III) and a variety of inorganic and organic forms. Extensive toxicity studies on arsenic have shown that different forms exhibit different toxicities [4] . For example, the more reduced species of arsenic are the most toxic: arsine (AsH 3 ) > arsenite [As(III)] > arsenate [As(V)] [2, 4] . While the methylated organic species monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA) are less toxic than the inorganic forms, and organoarsenicals, arsenobetaine (AsB) and arsenocholine (AsC) are generally considered to be non-toxic [5] . Tri-and pentavalent inorganic arsenicals are apparently of comparable bioavailability, but differ in terms of their biochemistry, in part due to the increased preference of the trivalent forms for binding thiols [4, 2] . In this case, the oxidation state of an element can profoundly affect its toxicity.
Arsenic has numerous historical applications with arsenic compounds widely used in agriculture as insecticides or herbicides. Nowadays, it is used in glass and semiconductor production, as a food additive for poultry, as a growth promoter for swine, and as a preservative for wooden structures [6] . Arsenic can be present as a contaminant in environmental compartments including water, soil and plants, and ultimately can seriously affect human health through exposures to these compartments. Inorganic arsenic has been classified as a group 1 carcinogen by the International Agency for Research on Cancer was based on findings that inorganic arsenic may cause bladder, lung and skin cancers [7] . Others diseases have also been associated with arsenic including conjunctivitis, hyperkeratosis, hyper pigmentation, cardiovascular diseases, disturbance in the peripheral vascular and nervous systems, gangrene, leucomelanosis, non-pitting swelling, hepatomegaly and splenomegaly [8] . As(V) can replace phosphate in several biochemical reactions, whereas As(III) may react with critical thiols in proteins and inhibit their activity [9] .
In foodstuffs and biological systems, selenium is present in inorganic (selenite, SeO 3 2− and selenate SeO 4 2− ) and organic (selenoaminoacids, methylated forms and very complex selenoproteins) forms. The order of toxicity of seleium is: selenite > selenate > organoselenos > selenoaminoacids. Selenium is found in six oxidation states, however, the II + state does not exist in nature [10] [11] [12] . The organic selenium can be formed by the biological activities, while inorganic selenium has high solubility so it is oxidized and present in aquatic systems. The elemental selenium is easily formed by the reduction of Se(IV) and Se(V) species, and the first form is more reactive than the second [13] . The association of the selenium oxyanions with sediments can cause their transport to other areas. Both selenate and selenite are bioavailable and have a high potential for bioaccumulation and toxicity.
Selenium and its compounds have a variety of technological applications, such as in electronics for the production of semiconductors and photocells. In agriculture, organoselenium compounds are used as bactericides, fungicides and herbicides [14] . Selenium is an essential element for animals, including humans, and certain types of bacteria [15] . The essential nature of selenium is related to its presence in a number of functionally active proteins. Rotruck et al. [16] demonstrated that selenium is a key component of glutathione peroxidase, an enzyme that inhibits lipid peroxidation in membranes through the reduction of organic hydroperoxides or peroxides hydrogen to corresponding alcohol or water, respectively, from the reduced glutathione. Moreover, it is an important mineral required for the functioning of the thyroid gland [17] . However, it is known that selenium compounds are toxic at high concentrations [15] . Lippman et al. [18] administered 200 μg per day of selenomethionine (SeMet) for 7 years to a large human male population, and the results showed an increase in the incidence of alopecia and dermatitis. The excessive transformation to dimethyl selenium caused garlic odor from exhalation [19] . Hypotension and respiratory depression are symptoms of the selenium acid ingestion. The presence of SeMet in the corn and rice cultivated in the Enshi area of China has caused chronic selenosis in the local population [20] . Organic selenium species have shown to be far less effective in inducing neurotoxic effects compared with inorganic species [21] . Therefore, a proper evaluation of selenium behavior requires knowledge of its speciation in the sample of interest since its metabolism, transport and bioavailability are highly dependent on the chemical form in which selenium is present in the samples.
General problems with sample preparation, sampling and storage
In studies of speciation the sampling is one of the most important steps. There is limited information available on appropriate sampling and storage conditions for arsenic and selenium speciation experiments. Studies have shown that during sampling, sample preparation and storage, the separation and detection of the changes in the original 'species information' can easily occur [22] [23] [24] . The literature reports that the storage period should be kept as short as possible and extracts should be analyzed immediately. Changes in the sample composition can occur for various reasons, such as species inter-conversion (e.g., oxidation or reduction reactions), volatilization, adsorption and precipitation [25] .
The success in the sampling speciation can be achieved through increase of the thermodynamic stability and kinetics of the species of interest. It is very important to limit the time intervals between sample preparation and analysis to avoid species degradation. An effective way to overcome this problem is to target the degradation products if their thermodynamic stability increases sufficiently for their determination [25] . In the study developed by Ariza et al. [25] , H 2 SO 4 and HCl were used for the preservation of arsenic and selenium samples in water. Pyrex and polyethylene containers were used for storage of solutions at pH = 2 and refrigerated at temperature near 0°C [25] .
An even more provocative issue is the kinetic inertness that is defined by the acid-base, redox and complex equilibrium. This is mainly caused by the presence of hydroxo-, chloride-and other small-ligand complexes and redox states [26] . Chemical species present in a sample may change its composition, which can result in underrepresentation of the components of interest in the original sample. This is a crucial point in studies of speciation and cannot be solved easily [27] . The other important factor influencing the sample heterogeneity is moisture, which can negatively affect the final results of a study. In food analysis, drying is essential to obtain heterogeneity of the sample before mixing, storage or analysis. Dehydration might be achieved by lyophilization of the sample.
During sampling uncontrolled changes in species equilibrium can occur causing serious errors that are usually irreversible. Therefore, sampling procedures must preserve the original information regarding the native species and species equilibrium [28] . These procedures include preservation of the sample with acids, storage in the dark, freezing, drying and freeze-drying [28] .
In speciation studies using solid samples the representativeness of the samples needs to be guaranteed. Interference during analysis can occur by adsorption of species on the walls of the samplers, changes in chemical or biological balance and air oxidation [29] . Storage of samples is usually necessary since in most cases it is not possible to perform the analysis at the point of collection. Long storage times are required in order to guarantee all the necessary measurements. During the handling and storage of the samples proper cleaning methods for flasks and other equipment should be followed to limit contamination of the samples [30] . It is recommended the storage be only for a short time at 4°C [4] . If long term storage is needed, freeze-drying or freezing is recommended at -80°C. Studies indicated that samples are not subject to losses when were stored in glass, PTFE or polyethylene that has been acid washed [31] . But in case studies of speciation in soil and sediment samples these procedures do not apply because they are complex samples. Procedures of freezing, cooling, acidification, sterilization, deaeration, addition of ascorbic acid and/ or storage in the dark were proposed by Ariza et al. [25] after studies of pH, temperature, light and container material on the stability species. Studies of temperature and time revealed that higher concentrations (20 µg L -1 ) of As(III) and As(V) in aqueous samples were preserved for approximately 30 days at around 5°C [32] . Samples with lower arsenic concentrations must be stored in the dark at 4°C [33] . Losses can occur due to volatility of species. Repeated thawing/freeze cycles must be avoided and no acid or other pH-changing agents can be added. The use of polymer-based containers is preferred in place of containers of glass, since the latter can have ion-exchange properties [34] . Sample filtration before the storage prevents the species condensation with the particulate material and a shift in elemental speciation [28] . The speciation analysis of soil and sediment samples exhibit problems after storage due to losses by volatilization of species. To perform more detailed analysis, reagents are used in the extraction procedures that can cause changes in the samples, thus it is necessary to make use of analytical alternatives that provide success in the analysis.
Methods for speciation: trends and limitations
The chemical analysis performed to investigate trace element speciation is a challenging area in food and environmental research. Thus, two techniques are necessary; one which provides an efficient and reliable separation of the species and another which allows adequate detection and quantification. Hyphenated methods that combine chromatographic separation, such as gas chromatography (GC) and high performance liquid chromatography (HPLC), performed using highly sensitive and selective atomic spectrometry detectors, are most commonly used for chemical speciation since they provide the most complete information on the species distributions and structures [24] .
Although this combination of chromatography and atomic spectrometry is widely used, such procedures are tedious, require expensive instrumentation and may have limited applications. Furthermore, chromatographic techniques represent only a minor part of the separation procedures available and, in certain cases, it is necessary to use basic chemistry techniques for sample treatments.
In most cases, non-chromatographic speciation strategies only discriminate groups of species as a function of their polar or non-polar character, their oxidation state, ionic nature, their molecular structure or their reactivity with selected reagents. For these methods, a limited number of species are studied; thus, it is difficult to provide information about all the species present [35] .
New methods have been proposed using atomic spectrometry for speciation without the need for chromatographic techniques providing fast and more readily accessible methodologies for nonchromatographic speciation analysis methods [36] . Microwave, irradiation and ultrasound liquid-liquid extraction are some strategies used by these methods followed by a variety of techniques for the identification and quantification of the different forms of the chemical elements. It is very important to develop simple and fast analytical procedures for the speciation of the most toxic chemical forms of the elements of interest that can be used in routine analysis. The use of non-chromatographic speciation analysis to solve analytical problems continues to be a promising research area.
Sample preparation techniques for speciation analysis

Conventional solvent extraction
Extraction involves the selective separation of a target species from a matrix (e.g. soils, sediments, biological tissue or food). In speciation analysis, the methodology employed should guarantee reproducible and quantitative extraction without chemical interconversion and change in the species identities. This is especially important due to the complexity of natural biological and environmental sample matrices. Although the conventional solid-liquid extraction procedure requires high volumes of solvents and long extraction times, it is one of the traditional methods most widely used for sample treatment [37, 38] . Based on this sample preparation strategy, some approaches have been used for arsenic and selenium extractions including leaching in acid and basic media and sequential extraction with different solvents. The sequential extraction is often the method of choice when studying non-chromatographic speciation with spectrophotometric detection. Some studies reported in the literature in which conventional extraction methods were used for arsenic and selenium speciation are listed in Table 1 . ; R.S.D.: 3.1% [44] As(III), As(V) Sediment Acid Extraction SPE GF-AAS R.S.D.: 4.3% for As(III) and 9.6% for As(V) [45] As(III), As(V), As organic Soil Acid Extraction LLE GF-AAS - [46] As inorganic , MMA, DMA, TMASeaweed Alkaline Extraction
Se (-II) Water is used to extract the more polar or ionic species of arsenic and selenium, but very few studies are reported in the literature regarding the extraction of these species from water due to low yields [14, 39] . Despite this, it is possible to evaluate the mobility of arsenic and selenium species in some environmental studies using water as solvent. Drahota et al. [40] performed an analysis of the soluble fraction of arsenic in sediments and soil using deionised water with concentrations of As(total) and As(III) measured by Hydride GenerationAtomic Absorption Spectrometry (HG-AAS) where As(V) was determined by difference between amounts of As(total) and As(III). To improve the yield of aqueous leaching procedures a more aggressive leaching media has been applied using acid (HNO 3 , H 3 PO 4 or others) or basic (NaOH) hydrolysis for arsenic and selenium extraction with good recovery [17, 37] . In 1976, Aggett and Aspell [41] proposed an acid extraction method for arsenic in orchard leaves and the selective determination of As(III) and As(total) by HG-AAS and varying the sample pH. As(III) was determined at pH 4.5-5.0, As(total) at pH around 1 and As(V) was determined by difference. The method proposed consisted of the extraction of arsenic from 2.0 g of orchard leaf with 10 mL of diluted nitric acid and heating to 70°C for 5 min. After cooling this step was repeated with dilute sulfuric acid. The solution was again cooled and 5.0 mL of distilled water added, then gently boiled for 5 min. This solution was filtered and the pH was adjusted (4.5-5.0). It was found that when wet digestion procedures with concentrated nitric and sulphuric acids were used the arsenic (III) was completely oxidized to arsenic (V). The sum of the concentration of As(III) and As(V) was comparable to the total arsenic concentrations in the orchard leaf sample based on certified analysis.
Yasui et al. [42] developed a method for the selective determination of inorganic and organic arsenic in biological materials including orchard leaves, shark muscle and algae samples. Samples were solubilized in 6.0 M hydrochloric acid and species extracted with toluene after reduction by potassium iodide. The determination of arsenic concentration was performed by HG-AAS. Based on this methodology, Münz and Lorenzen [43] developed a method for the determination of arsenic using a dichloromethane for food samples including mussel, oyster, cod, tuna, meat, boar liver and kidney and pig liver and kidney. In this procedure the dimethylarsinic acid can be determined selectively after buffering the hydrochloric acid phase (pH 4.5) with NH 4 OH solution. Phenyl arsenic acid derivatives are determined after evaporation of HCl and mineralization in autoclave with HNO 3 .
Najafi et al. [12] proposed an electrodepositionelectrothermal atomic absorption spectrometry method for the speciation analysis of organic and inorganic selenium species in agricultural soil. The samples were leached with 0.5 M HCl for 24 h at 4°C, and the mixture was then centrifuged and filtered. The supernatant was liquidliquid extracted with dichloromethane for the separation of inorganic and organic selenium. The detection with this method is based on the selective electrodeposition of water soluble Se(IV) and Se-Cys(selenocystine) species by an uncontrolled applied potential (1.8 V) on a mercury coated electrode. In acidic media (1.0 M HCl solution) the only inorganic selenium species electrodeposited was Se(IV) and, of the water-soluble organic selenium species Se-Cys and Se-Met, only Se-Cys was electrodeposited onto the mercury electrode surface. Ghasemi et al. [44] used the cold acid extraction of a soil sample to develop a speciation and preconcentration method based on hollow-fiber liquid-phase microextraction (HF-LPME) for the separation of trace inorganic selenium prior to detection using graphite furnace atomic absorption spectrometry (GF-AAS). The selective extraction of the Se(IV) species by HF-LPME was performed with the use of ammonium pyrrolidine carbodithioate (APDC) as the chelating agent. The complex compounds were extracted into 10 µL of toluene and the solutions were injected into a graphite furnace for the determination of Se(IV). To determine the total selenium in the samples, Se(VI) was reduced to Se(IV) and the microextraction method was then performed. Other articles available in the literature involving the use of acid extraction for arsenic speciation are Ficklin [45] and Giacomino et al. [46] , as detailed in Table 1 .
Geng et al. developed a method for the alkaline digestion of certified seaweed samples with NaOH for arsenic determination [47] . The separation was based on a cryogenic trap (CT) system and detection by HG-AAS. This method was compared with acid extraction with H 3 PO 4 , chromatographic separation performed by HPLC and detection by hydride generation-atomic fluorescence spectrometry (HG-AFS). When alkaline digestion was performed, 0.05 g of the sample was mixed with 5 mL of a NaOH solution (2.0 M) and kept at 90-95ºC for 3 h. After cooling, the solution was analyzed by cold trap-hydride generation atomic absorption spectrometry (CT-HG-AAS). The analysis of six certified reference materials (CRMs) of marine animal samples showed that the concentrations of AsB obtained after acid extraction method were consistent with those of trimethylated arsenic (TMA) species obtained after the alkaline extraction method. Good results were obtained using the acid extraction method for determination of three arsenosugars (Sugar-1, Sugar-2, and Sugar-3) in four seaweed samples. The alkaline digestion method was used on these seaweed samples and the amounts of dimethylated arsenic species measured were approximately equal to the amounts of DMA and three arsenosugars (Sugar-1 + Sugar-2 + Sugar-3) obtained from the acid extraction method. However, this method is both time-consuming for routine analysis and does not provide information for each individual arsenic species. Furthermore the technique requires a previous knowledge of the arsenical composition of the matrix to avoid overestimations and, depending on the matrix, the effectiveness of the oxidation of organic arsenic may be variable.
Other weak leaching reagents, such as acetate, citrate and oxalate buffers, have been used for the analysis of arsenic in soils since they selectively leach As(III), and are followed by phosphoric acid that efficiently extracts total arsenic [48] . Selenium determination has also been conducted with the use of buffers, particularly in the evaluation of the mobility and bioavailability in soils and sediments as proposed by Martens and Suarez [49] . Méndez et al. [50] , based on the scheme proposed by Martens and Suarez, proposed a speciation method for selenium from soil and fly ash in which 2.0 g of sample were extracted for 1 h with 25 mL of a 0.1 M K 2 HPO 4 -KH 2 PO 4 buffer solution in pH 7.0. After separation of the extract, the determination of Se(IV), Se(VI) and Se(-II) was performed by HG-AAS. Se(IV) was directly measured (Analysis A) in a collected aliquot under optimal conditions for hydride generation. The solid waste was treated with 25 mL of 0.1 M K 2 S 2 O 8 at 90°C for 2 h, then the second collected aliquot was subjected to UV (ultraviolet) irradiation for 45 min in order to convert Se(VI) and Se(-II) to Se(IV) (Analysis B), which were subsequently determined as Se(IV). Finally, the solid residual was treated with 2.5 mL of 17 M HNO 3 at 90°C for 30 min, and UV irradiation for 45 min was applied to a third collected aliquot containing 10.0 mg L -1 KNO 3 in order to inhibit the reduction of Se(VI) by UV digestion (Analysis C), with subsequent Se(IV) determination. Ultrasonic irradiation in acid medium easily converts SeCys into Se(IV), SeMet remaining unchanged, thus allowing for the determination of both SeCys and SeMet species present in the sample. The concentration of each selenium species is estimated from the following equations: A = [Se(IV)]; B -C = [Se(VI)]; C -A = [Se(-II)]. The speciation model proposed was tested with extracts obtained from certified samples of fly ash and soil and resulted in acceptable agreements when comparing the speciation results obtained with photolytic reactions and conventional approaches.
The use of an aqueous extractive solution containing salts has also been used for the extraction of selenium. A standard method was employed by Li and Deng [51] to analyze selenium traces in river sediments. The procedure consisted of shaking 5.00 g of sample for 16 h at 25°C with 50 mL of 0.20 M K 2 SO 4 . The extract was then used for the procedures of separation, preconcentration, and Se(IV) and Se(VI) determination. For this, the sample solution was adjusted to pH 3.0 and then placed in a polyethylene beaker containing titanium dioxide (TiO 2 ). The mixture was stirred for 10 min to achieve selective adsorption of Se(IV) to the TiO 2 and then centrifuged. The residual Se(VI) in solution was preconcentrated with a further 100 mg of TiO 2 at pH 0. The two residues in the two centrifugal tubes were washed twice with water and 2 mL of a solution containing 6 M HCl (as the desorbing agent) and 2 g L -1
Ni(NO 3 ) 2 (as the matrix modifier) was added. The mixture was stirred for 20 min to elute the adsorbed Se(IV) or Se(VI) and the two elution solutions were analyzed by GF-AAS. The use of this application has increased over recent years, because the selective extraction of arsenic and selenium from a sample facilitates the determination through nonchromatographic speciation; however, a disadvantage of this procedure is that it is time-consuming. Also, with respect to the sample preparation, the analysis method depends on the element of interest and the type of sample that are factors in addition to the extraction time which must be taken into account when assessing an extraction procedure [37] . The assessment of bioavailability, potential toxicity and mobility of contaminates in soils and sediments have been done through the use of sequential extraction using aqueous solutions making this a useful tool for better understanding of the forms of arsenic and selenium that are present in a sample [17, 24] .
A sequential extraction method was developed by Martens and Suarez [49] for the identification of selenium oxidation states in seleniferous plant, soil and sediment samples. Firstly, they employed 0.1 M (pH 7.0) K 2 HPO 4 −KH 2 PO 4 (P-buffer), with shaking for 1h at ambient temperature to release soluble selenate [Se(VI)) and selenide (Se(-II)] and ligand-exchangeable selenite [Se(IV)]. The second step involved oxidation of the organic materials with 0.1 M K 2 S 2 O 8 (90°C) for 2 h to release the Se(-II) and Se(IV) associated with organic matter. In the final step, HNO 3 (2 h at 90°C) was used to solubilize the insoluble selenium remaining in the sample. The solubilized selenium compounds were speciated in these extracts by selective reduction and determined by HG-AAS in three steps: (1) González et al. [36] developed a two-stage sequential extraction procedure based on the method proposed by Manning and Martens [52] to obtain the soluble and adsorbed arsenium fractions in fly ash and sediment. Deionized water and 1.0 mM K 2 HPO 4 −KH 2 PO 4 buffer were utilized for arsenic extraction. In the first step, arsenic was extracted with distilled water and then the extraction was performed with K 2 HPO 4 −KH 2 PO 4 buffer from the solid residue of the aqueous extraction. The determination of the arsenic species in these extracts was performed with HG-AAS under different reaction conditions: (a) selective determination of As(III) in citric acid medium; and (b) determination of total arsenic in each extract using thioglycolic acid as the reaction medium. The As(V) content was estimated from the difference between the two measurements [36] .
Recently, a sequential extraction procedure based on a non-chromatographic method was proposed by Wang et al. [53] . This method was used to investigate the effects of soil selenium fractions and species on selenium accumulation in corn and to establish the relationship between plant selenium accumulation and soil selenium bioavailability. The selenium fractions of soil samples were analyzed using a five-step sequential extraction method with selenium fractionation into soluble, exchangeable and carbonate-, iron-, manganese oxideand organic matter-bound selenium and the residual selenium fractions. Soluble selenium was extracted by shaking the sample for one hour at room temperature with a solution of 0.25 M KCl. The mixture was centrifuged, filtered, and the supernatant collected for further speciation analysis. The remaining precipitate was used for the next step of the extraction. Centrifugation and filtration steps were conducted after each of the following extraction procedures. For exchangeable selenium and carbonate-bound selenium a solution of 0.7 M KH 2 PO 4 (pH 5.0) was added and the mixture was shaken for 4 h at 25°C. The iron-and manganese oxide-bound selenium was extracted using a solution of 2.5 M HCl in a water bath at 90°C for 50 min. The extraction of organic matterbound and elemental selenium was performed using 5% K 2 S 2 O 8 and 2 mL of concentrated HNO 3 heated for 3 h in a water bath at 95°C with intermittent shaking. For residual selenium, the soil residues were transferred to Teflon crucibles with concentrated HNO 3 and HClO 4 . The crucibles were covered and kept at 170°C in a sand bath until the soil became white or gray. After acid digestion, the solution was transferred to a volumetric flask with deionized water. The speciation analysis was conducted to determine selenium species in the soluble and the exchangeable and carbonate-bound selenium fractions in the soil samples by HG-AFS, as described by Martens and Suarez [49] and in other fractions only total selenium was determined.
A method for the determination of total arsenic by electrothermal atomic absorption spectrometry (ETAAS) and arsenic species using HG-AAS in fish samples was developed by Serafimovski et al. [54] . Total arsenic was extracted in tetramethyl ammonium hydroxide (TMAH 0.075% m/v) and measured by ETAAS with palladium (Pd) added as a modifier for ensuring thermal stabilization of all extracted arsenic species. The sum of arsenic species (As(III), As(V), MMA and DMA) was determined directly from the TMAH extract or in methanol-water (80 + 20 v/v) mixture and selective reaction media, e.g. citrate buffer (pH 5.2) for As(III), 0.2 M acetic acid for As(III) + DMA and 7 M HCl for As(III) + As(V) and L-cysteine in 0.05 M HCl for the sum (As(III) + As(V) + DMA + MMA). The limits of detection (LODs) achieved for total arsenic and for As(III), DMA and As(V) were 0.0038, 0.0035, 0.0051 and 0.0046 μg g −1 , respectively, for fish extracts in TMAH and in watermethanol mixture.
The accumulation of total and inorganic arsenic in rhizomes of Zingiberaceous plants cultivated in Thailand was evaluated by HG-AAS using samples prepared by acid digestion [55] . For the total arsenic the digested lyophilized sample was placed in a flask with an ashing suspension of Mg(NO 3 ) 2 /MgO and nitric acid solution. The resulting mixture was evaporated and mineralized using a hot plate and a furnace, respectively. A HCl, KI and ascorbic acid reducing solution was used to dissolve the white ash obtained after mineralization. After 30 minutes a subsequent aliquot of HCl solution was added. The digested solution was separated by filtration and used for determination of total arsenic. Sample preparation for inorganic arsenic determination consisted of placing the sample in centrifuge tube with water and concentrated HCl, the mixture was stirred for 1 h and left standing for about 12 h in order to hydrolyze As(III) from the thiol groups of proteins. Then a reducing solution of hydrazine sulfate and hydrobromic acid was added to the sample tube and vortexed for 2 min. Chloroform was added to promote the extraction of inorganic arsenic, the tube was shaken, inverted and centrifuged, and repeated. The extracted solution was filtered to remove the residues. Two extractions using HCl were utilized to extract the inorganic arsenic in the chloroform phase by centrifugation. Lastly, inorganic arsenic was quantified with the addition of 2.5 mL of the ashing suspension and 10 mL of 50% (v/v) HNO 3 . The average recoveries across the four concentrations of fortified arsenic mixtures were 95.6% and 95.4% for total and inorganic arsenic, respectively.
The speciation analysis of selenium by HG-AAS in confectionery products was studied by GawloskaKamocka and Lodzi [56] . The sample preparation included the following stages: (1) selenium (IV), i.e. SeO 3 2-, was determined by separating it from the mixture via aqueous extraction in a Soxhlet apparatus; (2) mineralization using concentrated nitric acid and selenium was used to oxidize organic forms (IV) in order to determine Se(IV) + Se(-II), i.e. the sum SeO 3 2-+ Se 2-; (3) hydrochloric acid (10% solution) was used to reduce SeO 4 2-to SeO 3 2-and to determine the total content of selenium as well as (SeO 4 ) 2-+ SeO 3 2-+ Se 2-); and (4) the content SeO 4 2-and Se 2-was established from the differences between the results obtained in (1), (2) and (3). In the analyzed food products selenium occurred as SeO 3 2-(22%), SeO 4 2-(12%) and Se 2-(2%).
Microwave assisted extraction
The sample preparation steps are critical for metal speciation analysis and need to be very well controlled. The extraction of compounds by microwave digestion is extensively used for sample preparation and has been shown to considerably enhance the kinetics of the sample dissolution [57, 58] . The microwave energy can be characterized as a non-ionizing type of electromagnetic radiation. The action of the microwave does not change the molecular structure, only causes molecular motion through the migration of ions and the rotation of dipoles [59, 60] . Microwave devices can be classified into multimode and single-mode (focused) systems according to the method in which the microwave energy is applied to the sample. In general, multi-mode systems are closed-vessel and focused systems are open-vessel . In multi-mode systems, the microwave radiation is dispersed randomly throughout the oven and the sample is irradiated [61] . On the other hand, in the focused-microwave oven the radiation is directed at the bottom of the sample tube with the purpose of irradiating only the sample and added reagents. The digestion in this type of microwave oven is performed at atmospheric pressure [62] .The use of microwave energy results in a significant reduction in the extraction time since the microwaves accelerate the heating rate [63, 64] . Other advantages of microwave-assisted extraction are high recoveries, good reproducibility and minimal sample manipulation [61, 65, 66] .
Microwave extraction procedures can be carried out either on-line or off-line. The most critical parameters for method optimization are the extraction medium, applied microwave power and extraction time [37] . Microwavebased strategies for speciation analysis of arsenic and selenium have become the procedure of choice for the decomposition of a wide variety of sample matrices. Table 2 shows some studies using microwave extraction from the literature. Most of them involve the use of HG-AAS or HG-AFS, with good reproducibility, simple processing and rapid results being obtained.
Burguera et al. [67] proposed selenium speciation by HG-AAS in citrus fruit juice and geothermal waters using a system with on-line pre-reduction of Se(VI) and microwave heating. The selective determination was evaluated by adjusting the microwave power and HCl concentrations (reducing agent). A microwave power of 40% and 4 M HCl were used for Se(VI) determination and microwave power of 95% and 12 M HCl for Se(VI). The results for Se(IV) were found to be dependent on the concentration of Se(VI) and this selectivity was possible only when the ratio of the two selenium species did not exceed 1:4 [Se(IV):Se(VI)] by weight. Using a similar process, Gallignani et al. [68] used microwave pre-reduction for the sequential determination of Se(IV) and Se(VI) in orange juice with a mixture of HCl:HBr used as a pre-reducing agent.
A method based on focused-microwave extraction was developed for selenium speciation in tap water using an on-line flow injection analysis (FIA) pretreatment of the sample with HBr/KBrO 3 coupled with HG-AAS [69] . Se(IV) was determined with the microwave digester turned off and the determination of total selenium was performed with the microwave digester turn on. Se(VI) was evaluated as the difference between total selenium and Se(IV) and organoselenium compounds were detected on-line with microwave operation.
Tuzen et al. [70] developed a procedure of coprecipitation of Se(IV) and detection by GF-AAS for the separation and speciation of selenium ions in milk, beer and wine. The reduction of Se(VI) to Se(IV) was carried out in a microwave with HNO 3 . After the reduction, the determination of the total selenium was performed by the coprecipitation of Se(IV) with magnesium hydroxide. The level of Se(VI) was calculated from the difference between the total selenium and Se(IV) concentrations.
Several organic arsenic compounds, such as AsB, AsC, [(CH 3 ) 4 As + ], arsenosugars and aryl arsenicals, do not form volatile hydrides after reaction with borohydride [71, 72] . However, after treatment using microwave good recoveries are obtained since the organic forms of arsenic are converted to hydride-forming species. In this process, Ringmann et al. [73] used sodium persulfate, sodium fluoride and nitric acid as digestion reagents, which allowed the quantitative transformation of the organoarsenic compounds presents in sediment and food samples into hydride-forming species. However, when analysis by hydride generation is performed, sulfuric acid is still required to break down the more resistant organoselenium and organoarsenic compounds [71, 72, 74] . Thus, speciation studies show the formation of hydrideforming species is necessary in addition to other reagents for quantitative transformation of organic arsenic compounds presents in sediment and food samples.
The speciation of As(III) and As(V) in natural water and food samples was established by Tuzen et al. [75] using HG-AAS. The separation and quantitation of As(III) was performed using Alternaria solani-coated Diainon HP-2MG resin at pH 7. The digestion of the samples was carried out with concentrated HNO 3 and 30% H 2 O 2 . As(V) in the mixing solution containing As(III) and As(V) was reduced using KI and L(+) ascorbic acid solution and the procedure was then applied for the determination of total As after microwave assisted extraction. As(V) was calculated as the difference between the total arsenic content and the As(III) content.
The As(total), total inorganic arsenic (t-inAs) and As(III)-As(V) were determined in rice and rice flour samples using procedures with different digestion techniques and detection by ETAAS. The use of microwave combined with HNO 3 (65%) was used for extraction of total arsenic. The extraction of t-inAs by sonication was composed of two steps, first by addition of HNO 3 (1 M) and then by addition of EDTA (0.1% w/v). For determination of As(III) the extraction was performed in a microwave, combined with the use of HNO 3 (1 M), EDTA (5% w/v), adjust of the pH to 4.8-4.9 and addition of APDC (1% w/v) to complex with As(III). The amount of As(V) was determined by the difference between total arsenic and the As(III) [76] .
Ultraviolet radiation
The UV radiation wavelength extends from 40 to 400 nm. This range has been divided by the Commission Internationale de L'Éclairage into 3 subranges: UV A (400-315 nm), UV B (315-280 nm), and UV C (< 280 nm) [77] . A natural source of UV radiation is the sun and the most frequently used artificial sources are mercury lamps [77, 78] . The UV radiation can result in the chemical processes of photo-oxidation and photo-reduction that can promote derivatization of chemical substances. Typically, photo-oxidation may be applied for the remediation of wastewater polluted with toxic organic compounds and photo-reduction to promote the reduction of toxic elemental species, such as volatile metal species, into less harmful products [79] .
In sample treatment processes, the UV radiation leads to the formation of intermediate compounds, such as hydrogen peroxide, singlet oxygen, hydrated electrons, ; Recovery: around 100% [73] As(III), As(V)
Water and food The digestion of the samples was performed with concentrated HNO 3 and 30% H 2 O 2 .
HG-AAS LOD: 11 ng L -1
; R.S.D.: < 7.0%; Recovery: 97-101% [75] As(III), As(V)
Rice and rice flour In the digestion, 65% HNO 3 for total arsenic and 1 M HNO 3 for As(III)-As(V) were used. ; R.S.D.: < 15%; Recovery: 92-105% [76] superoxide ions, superoxide radicals, alkylperoxy radical, hydroxyl radicals and halogen radicals. Additionally, the oxidation of organic matter can be enhanced by the addition of substances that facilitate this oxidation including H 2 O 2 , O 3 , K 2 S 2 O 8 , K 2 Cr 2 O 7 , and HNO 3 [80] . The optimization of the UV radiation process can be done to improve the analytical performance including the type and concentration of chemical reagents used, temperature, pH and UV radiation intensity [80] .The use of UV radiation as a sample pretreatment step offers the following advantages: low consumption of reagents; use of less toxic reagents; possibility of conducting the process at low temperature, avoiding the loss of volatile elements; and, in some cases, the possibility of conducting the process under weakly acidic or alkaline pH conditions [81, 82] .
As can be seen in the Table 3 , UV radiation has been successfully applied for arsenic and selenium speciation in several samples. Chen et al. [83] used the photochemical reaction of Se(IV), Se(VI) and org-Se in seawater with detection of selenium species performed by hydride generation-atomic fluorescence spectrometry. Se(IV) was directly measured in 3 M HCl, while Se(IV) + org-Se were measured directly after 2.5 hours of UV irradiation (300 nm) in 1% (v/v) HNO 3 -2% (v/v) HCl. The total selenium was obtained after UV irradiation in 3 M HCl. In another study, the photochemical behavior of selenium and some of its organic compounds in various aqueous matrices was investigated under UV irradiation at 300 nm with detection by HG-AFS [84] . It was found that the photochemical conversion is greatly enhanced in HNO 3 and NaNO 3 matrices due to the fast reaction of organoselenium compounds with OH radicals produced from the photolysis of HNO 3 and NO 3 − . The photochemical behavior and kinetics of Se(IV) and organoselenium compounds were found to be impacted by NO 3 − and Cl − concentrations, the acidity and other chemical properties.
Methods using UV irradiation for the degradation and photochemical conversion of organoselenium compounds are important for monitoring kinetic reactions and to understand inter-conversion of species. However, these methods do not represent a direct study of speciation. In this context, Cabon & Cabon [85] determined arsenic in seawater by HG-GF-AAS (hydride generation -graphite furnace atomic absorption spectrometry). Total arsenic was determined after UV irradiation of the seawater in an alkaline persulfate medium after the conversion of all arsenic species to inorganic As(V). Total hydride-reactive species (As(III), As(V), MMA and DMA) were determined for high NaBH 4 and HCl concentrations because a similar analytical response was obtained for these individual species. Ultraviolet irradiation (photolysis) in an alkaline medium was applied by Castro et al. [86] for the pretreatment of seawater samples in order to accurately determine the total arsenic at optimum treatment time and pH by continuous-flow hydride generation-atomic fluorescence spectrometry FI-HG-AFS. UV irradiation at pH 1 allowed the conversion of all species to As(V), with the exception of AsB and DMA which were converted to As(V) at pH 11 for 30 min. 
Figures of merit Ref
Se(IV), Se(VI).
Seawater Se(IV) was directly measured in 3 M HCl; Se(IV) + Se organic was measured directly after UV radiation (300 nm) for 2.5 h in 1% (v/v) HNO 3 -2% (v/v) HCl. Total selenium was obtained in another aliquot sample after UV irradiation in 3 M HCl.
HG-AFS Recovery: 80-110% for Se(IV) and 90-102% for Se(VI) [83] Se(IV), Se(VI) and Se-Met, Se-(methyl)-Se-cys, Se-DL-cys, Se-urea.
Water Photochemical behavior of selenium and some of its organic compounds in various aqueous matrices (HNO 3 , NaNO 3 , H 2 SO 4 and HNO 3 -HCl mixture) under UV radiation at 300 nm.
HG-AFS - [84] As(III), As(V), DMA, MMA.
Seawater Total arsenic was determined after UV radiation treatment in an alkaline K 2 S 2 O 8 medium and after the conversion of all arsenic species to inorganic As(V). Total hydride-reactive species: As(III), As(V), MMA and DMA were determined for high NaBH 4 and HCl.
HG-GF-AAS LOD: 1.5 ng L -1 [85] As(III), As(V), DMA, MMA.
Seawater UV radiation at pH 1 allowed the conversion of all species to As(V) with the exception of AsB and DMA. Conversions of DMA and AsB to As(V) at pH 11 in less than 30 min were observed under UV irradiation.
HG-AFS LOD: 0.1 mg L -1 for As(V); Recovery: 93% [86] 
Ultrasound Extraction
The sample preparation for speciation analysis requires great care in order to maintain the integrity of the arsenic species. Many factors are important in the process of sample preparation, such as the physical state of the sample, the analytes to be determined and the type of detection. In general, the analysis of solid samples is more difficult since most detection methods require that the analytes of interest be transferred to a liquid phase. In this context, the ultrasound-assisted extraction of analytes has emerged as an efficient methodology which requires a short time, the use low acid concentrations, and operating conditions at atmospheric pressure and room temperature [87] . The use of ultrasound involves a solid-liquid extraction through mechanical and chemical effects. The principal mechanical effect is the acoustic cavitation process where there is the formation and implosion of microbubbles resulting in points with extremely high temperature and pressure gradients. This phenomenon produces cavitation in or near the particle surface that improves the analyte solubility and diffusivity of solvent inside the solid particles. The surface is continually renewed and, consequently, more analyte comes into contact with the solvent. Also, to a lesser extent the mechanical effects of erosion and oblation may also occur. The chemical effect of ultrasound improves the reactivity of some chemicals, allowing the development of new reactions in addition to the acceleration of other reactions for sample digestion [88, 89, 90] . Different methods of non-chromatographic speciation using ultrasound solvent extraction have been developed for the determination of arsenic and selenium in different samples as summarized in Table 4 .
A simple procedure for the determination of As(III) and As(V) in milk samples using HG-AFS was described by Cava-Montesinos et al. [91] . The samples were subjected to a sonication process where 1.0 g of milk was added to 2 mL of aqua regia and 0.5 ml of antifoam A with the mixture placed in an ultrasound water bath for 10 min. A homogeneous orange dispersion was obtained, 7.3 ml of concentrated HCl was added, and the direct determination of the corresponding hydrides was performed both before and after reduction with KI. The KI was added to enhance the signal for As(V), while having no impact on As(III). A method for the speciation of As(III), As(V), DMA and MMA in fish and mussel samples was developed by Table 4 : Ultrasound-assisted extraction for speciation analysis of arsenic and selenium.
Species
Sample Condition Detection technique
Figures of merit Ref
As ( .0 ng g -1 for As(III) and As(V); Recovery: 91% and 108% for As(III) and from 90% to 109% for As(V) [94] As ( ) Recovery: 98.0-104.0% [97] Cava-Montesinos et al. [92] . The extraction was achieved through 20 min of sonication with 3 M HNO 3 and 0.1% (m/v) Triton, washing of the solid phase with 0.1% (m/v) EDTA and direct measurement of the corresponding hydrides by HG-AAS under four different experimental conditions. This methodology provided results for reference materials of dogfish muscle and tuna fish that were in good agreement with the literature. Reyes et al. [93] also proposed a method to determine these same arsenic species in cereal samples. Samples were sonicated at room temperature for 10 min with 1 M H 3 PO 4 in the presence of 0.1% (w/v) Triton X-114 and the solid phase washed with 0.1% (w/v) EDTA. Extract sub-samples were prepared in a medium containing 1% (w/v) KI and 0.2% (w/v) ascorbic acid, followed by detection using various experimental conditions, acid media and reducer concentrations. Reyes et al. [93] applied the same method for vegetable samples for the determination of As(III), As(V), DMA and MMA in vegetable samples [94] . Based on Reyes et al. [94] , Gonzálvez et al. [95] determined inorganic arsenic in cultivated and wild mushroom samples from different origins. The samples were subjected to ultrasoundassisted extraction by adding of H 3 PO 4 , Triton X-100, and Antifoam A (minimize foam formation). After sonication, samples were centrifuged, the residue was washed with EDTA, and the samples were centrifuged again. The final solutions were mixed and concentrated HCl added to an aliquot of the final extract before analysis by HG-AFS. For the reduction of As(V), KI and ascorbic acid solutions were added into the extract solution and analyzed by HG-AFS [91] .
Zhao et al. [96] developed a method to investigate the distribution of arsenic species in bamboo shoots and rhizospere soils sampled from different areas and in varying growing phases. In the sample preparation of the plant tissue samples, the samples were weighed into centrifuge tubes and a solution of H 2 O/MeOH was added. The tubes were subjected to ultrasonic energy, centrifuged, the supernatant separated, and repeated for a total of three times. Before analytical determination the extracts were preconcentrated by air-drying at room pressure and temperature. The preparation of soil samples was similar with the exceptions of higher initial masses and for the last step the extract was diluted directly. Extracts of the samples were analyzed for arsenic speciation using a CT-HG-AAS system. In another study, an ultrasound-assisted extraction procedure with sample preparation based on Reyes et al. was applied for sample preparation for the Se species determination for garlic by an on-line ionic liquid (IL) dispersive micro-extraction system coupled to ETAAS [97] . Lyophilized and milled samples were weighed in centrifuge tubes, sonicated for 10 min with 10 mL of 1 M H 2 SO 4 , and then centrifuged. Water was used to wash the residue that was centrifuged again. For total inorganic selenium, 1 mL of concentrated HCl was added to a 5 mL extract aliquot and submitted to heating to reduce Se(VI) to Se(IV). For the determination of Se(IV), an extract aliquot was acidified to a concentration of 0.5 M HCl [97] .
Slurry sampling
The slurry technique for sample preparation has emerged as a promising technique that combines advantages including dilute acid solutions, low risk of analyte loss or contamination, and short durations. Sample homogeneity of solid particles is essential in the slurry sampling to guarantee analytical precision and accuracy. This homogeneity can be achieved by manual, mechanical or ultrasonic agitation, or by passing a gas stream through the sample. Additionally, reagents may be used to provide increased viscosity of the medium, such as surfactants including Triton X-114 and Triton X-100 [99] . Some studies on slurry sample preparation for arsenic speciation studies are given in Table 5 .
Macedo et al. [100] developed a method of slurry sampling for inorganic arsenic speciation in phosphate fertilizers and phosphate rocks with analysis by HG-AAS. The samples were prepared by combining 0.1 g of dry material with 3.0 mL of 6.0 M HCl. This mixture was diluted to 25 mL with Milli-Q water then immersed in an ultrasonic bath for 30 min. For As(III) determination aliquots of the sample slurries were transferred to reaction flasks containing 2 mL of citric acid/sodium citrate buffer solution and diluted to a final volume of 10 mL with water. Arsine was formed by the introduction of sodium tetrahydroborate into a closed system using a peristaltic pump; arsine vapor was generated and transported to an AAS spectrometer for detection. Total arsenic was determined after a reduction reaction with a solution of 10% KI+ 2% ascorbic acid. The same procedure was also applied to study the spatial distribution of arsenium [total As, As(III) and As(V)] in estuarine sediments from the main tributaries of Bahia State, Brazil [101] . In an airborne particulate matter study, each individual particulate matter sample filter was cut into pieces of < 1 cm length. Slurries were prepared by adding 8 mg of sample to 4.0 mL of 4.0 M HCl. This mixture was sonicated at room temperature for 30 min and the conditions for the hydride generation for arsenic determination were done as discussed previously for the analysis of phosphate fertilizers [102] . Inorganic arsenic, MMA, DMA and AsB were determined for fishbased baby foods by ETAAS. Sample preparation consisted of adding TMAH solution to a tube containing the sample, heating, and sonication. Speciation was based on the use of three different chemically-modified ETAAS atomizers to obtain the analytical signals [103] .
Future trends
In speciation analysis, non-chromatographic methods offer advantages over the chromatographic techniques including fast and inexpensive options for application in laboratories mainly processing food and environmental samples. However, many of these methods provide limited information on the samples as most approaches have centered on a single element or a specific type of chemical form (i.e., free ions or organic compounds). Speciation is relatively easy to investigate when a property of a particular compound can be measured directly in the sample without interference from the other matrix components. Direct speciation analysis may be considered as less challenging, however, this is not always the case. Currently, there is an urgent need for studies for the establishment of optimum sampling and storage conditions for different compounds as these represent the first important steps in the sample treatment process. It is important to develop multielement speciation procedures based on the coupling of atomic techniques with non-chromatographic separation methods that are suitable for the fast sequential or simultaneous determination of chemical forms of several elements. However, this approach is still in its infancy and there is a pressing need for suitable procedures for both direct speciation and combined methods. In the latter case, the main method issues are potential contamination and the maintenance of the species integrity. Therefore, standards have to be made commercially obtainable and, until they are available, considerable effort has to be made to ensure the accuracy of the analytical methods. Another important point to be considered is the use of reference materials that can be beneficial to assess for quality control. Currently, most reference materials available for trace element determination are only certified for the total element content and not for particular chemical forms. Without certified reference standard materials including particular chemical forms it is difficult to avoid systematic errors making the extension of the application of speciation in all life sciences fields limited.
Unfortunately, speciation procedures for arsenic and selenium are not yet suitable for the routine speciation. There is no doubt that the development of speciation analysis now offers a great challenge for analysts around the world. Simple strategies suitable for obtaining quantitative information regarding arsenic and selenium species should be encouraged. However, these strategies require an interdisciplinary approach in order to cover the various aspects involved and represent a great challenge in toxicology and analytical chemistry.
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